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I. INTRODUCTION
T HE TRAFFIC in broadband wireless networks is essentially two-way, featuring both uplink (UL) and downlink (DL) transmissions. Traditionally, the UL and DL transmissions of a given two-way link are coupled, such that they follow the same transmission path [1] . This has been also true for wireless systems equipped with relays, where each transmission can take either a direct or a relayed path, see Fig. 1 . In fact, it is precisely the coupling of the relayed two-way transmission that gave rise to new schemes, such as Physical Layer Network Coding [2] , [3] .
Recently there have been multiple works that advocate revision of the coupled transmission dogma [1] , [4] , [5] in the context of heterogeneous networks (HetNets), where the uplink transmission can be made to a small cell Base Station (BS), while the downlink transmission can be made from a macro BS. The decoupling can be useful due to the fact that the transmission power of small cell BSs and macro BSs can be significantly different, but it can also be useful in terms of load balance. Boccardi et al. [5] argue that the cell-centric architecture should evolve into a device-centric one, so that the connectivity and network function nearby should be tailored surrounding a specific device. The practical trial based on Vodadone's small cell test network [6] shows the performance gains are enough high in a dense HetNet deployment with DL and UL decoupling (DUDe). The paper [7] analyzes the association probabilities and average throughput of decoupled access by using stochastic geometry framework. Since the cell load and backhauling support significantly affect the association, an algorithm for cell association based on links quality, cell load and the cell backhaul capacity is proposed in [8] . To address the challenges in HetNets for mobile traffic offloading, best-fit cell attachment is proposed in [9] , where DL and UL are decoupled and attached to cells independently. In [10] , a tractable model is established to characterize the comprehensive SINR and rate analysis with DUDe in a multitier HetNets, where it is seen that decoupled association leads to significant improvement in joint UL-DL rate coverage. The objective of this work is to bring the concept of decoupling to wireless systems that use relays. Specifically, we consider the scenario on Fig. 1 , where multiple UEs have two-way link to the BS and the transmissions, in either UL or DL direction, can be aided by a Relay Station (RS). In this context, decoupling should be understood in the way that, for a given two-way link, the UL transmission may use e.g. the RS, while the DL transmission is made directly to the UE (or vice versa). Our model of relaying is based on a 0090-6778 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. buffer-aided relaying [11] , where the buffer at the RS helps to take advantage of the favorable fading conditions. Buffer-aided relaying has been extensively studied in one-way scenarios, such as relay selection network [12] , multisource single relay network [13] , multisource multirelay network [14] . In addition, outage analysis has been studied in two-path relay channel [15] and multi-path relay channel [16] ; however the scenario is different from ours, as we are treating multiple two-way connections. Meanwhile, bi-directional buffer-aided relaying with adaptive transmission mode selection has been investigated in delay-unconstrained case [17] and delay-constrained case [18] with fixed rate transmission; however, both works do not make use of the direct link. We are aware of [19] where buffer-aided relaying is applied along with direct transmission and network coding in three-node network. Since no scheduling is proposed for multiuser case, we regard [19] as the state-of-the-art and, as a benchmark, derive its variant for a multiuser case by adding round robin scheduling. In this paper, we first propose an orthogonal decoupled UL/DL buffer-aided (ODBA) relaying protocol, in which the UL selection is independent from the DL selection, based on their own instantaneous channel states and transmitter power. Next, we devise non-orthogonal decoupled UL/DL bufferaided (NODBA) relaying protocol, where we allow opposing flows (one in UL and one in DL) to occur simultaneously and therefore interfere with each other. NODBA uses successive interference cancellation (SIC) to deal with this interference. It should be understood that ODBA and NODBA bring new building blocks that can be used to obtain complex transmission protocols. This is illustrated on Fig. 2 , where the underlying assumption is that the channel conditions change independently in each transmission frame. In the case of ODBA protocol on Fig. 2a a frame is divided into two identical slots for UL and DL traffic, respectively. The frame 2 on Fig. 2a in which the transmissions of UL and DL for the same node are identical is called a coupled frame, while the other frames are called decoupled (frames 1 and i on Fig. 2a ). NODBA protocol is shown in Fig. 2b , where the devised non-orthogonal radio access for opposing flows is active in frame 1 and frame i . Finally, Fig. 2c shows a benchmark with two users, where U 1 /U 2 is scheduled in odd/even frames and within each frame, the UE decides the transmission based on the criterion from [19] .
The remainder of the paper is organized as follows. In Section II, we present the system model. Sections III and IV present the relevant optimization problems and introduce the optimal criterion in order to achieve the maximum average two-way sum rate. Simulation results are presented in Section V and the conclusions are drawn in Section VI.
II. SYSTEM MODEL
The considered system consists of M UEs U m , m = 1, · · · , M, a decode-and-forward RS as R and a BS as B. The RS on Fig. 1 has an infinite buffer and the buffer is logically divided into two parts for storing UL and DL delay-tolerant data, respectively. Each UE has two-way traffic and each traffic source, i.e. the UEs and the BS, are backlogged and have a sufficient amount of data to send. All transceivers work in a half-duplex mode. The communication takes place in frames with fixed duration. The wireless channel is subject to block fading, the channels stay constant within a frame, but change independently from frame to frame. We introduce the following notation for communication nodes and links. The set of nodes is denoted by Let Q U L (i ) and Q D L (i ) denote the amount of normalized information in bits/symbol at the end of the i -th frame in the UL and DL buffer, respectively. Due to channel reciprocity,
where X Y ∈ S D L ∪S U L and E{·} denotes expectation. The instantaneous DL signal-to-noise ratio (SNR) with additive white Gaussian noise is given by
We define:
such that the maximal achievable transmission rate in the i -th frame for the link XY is
The instantaneous transmission rate of DL XY ∈ S D L and UL Y X ∈ S U L are given by R D L XY (i ) and R U L Y X (i ). In the case of ODBA Fig. 2a , a transmission frame is divided into an UL and DL slot, respectively. There are three possible types of transmission in an UL slot, denoted by (W1-W3): (W1) the UE U m transmits directly to the BS; (W2) the UE U m transmits to the RS; (W3) the RS transmits to the BS. Accordingly, there are three possible types of transmission in a DL slot, denoted by (W4-W6): (W4) the BS transmits to the UE U m directly; (W5) the RS transmits to the UE U m ; (W6) the BS transmits to the RS. The decisions on scheduling and the type of transmission are made centrally at the RS and distributed to the UEs. We assume that perfect CSI is available through channel estimation and error-free fast feedback. The CSI requirements in the ODBA protocol are (1) the BS acquires the CSI of direct DL to each UE U m as well as that of DL to RS; (2) each U m requires the CSI of the two links U m R and U m B; (3) the RS needs to know the CSI of all links in order to make the decision on the selection of the transmission type that takes place in a given slot. Note that the CSI of the direct link can be acquired by RS through the feedback from either BS or UE. We assume that each data transmission frame is preceded by a negligibly short procedure for CSI acquisition. Since we assume block fading, the acquired CSI is valid throughout the data transmission frame.
In NODBA protocol on Fig. 2b UL and DL transmissions can occur simultaneously and we define four generic transmission types that can occur in a frame, denoted (T1-T4): (T1) U m sends to RS in the UL, while simultaneously the BS sends in the DL to another U l , l = m; (T2) U m sends in the UL to BS directly, while simultaneously the RS sends to U l , l = m; (T3) RS sends to the BS; (T4) BS sends to the RS. The types (T3) and (T4) are related to the transmissions of RS that help the data to reach its destination. On the other hand, (T1) and (T2) involve non-orthogonal transmission of opposing flows and successive interference cancellation (SIC) is applied to deal with the interference. Besides the CSI requirements in ODBA, for NODBA, the BS also has to acquire the current instantaneous CSI of all the links. Similarly, in NODBA, RS acquires the direct link CSI in the same way as ODBA and BS acquires the CSI between RS and UE through the feedback from either RS or UE. We also assume that RS makes the decision on which transmission type should be applied in a frame and orchestrates the exchange of CSI.
The benchmark protocol on Fig. 2c is based on the transmission technique from [19] , supplemented with round robin scheduling. In the i -th frame, there are four possible types of transmission, denoted by (Z1-Z4): (Z1) the UE U m transmits directly to the BS; (Z2) the BS transmits directly to the UE U m ; (Z3) the UE U m and BS simultaneously send over a multiple access channel to the RS; (Z4) the RS broadcasts to the UE U m and BS, where m ≡ i (mod M), mod is modulo operation. The CSI acquisition and transmission strategy in each frame are according to Proposition 3 in [19] .
It is worth noting that our two proposed protocols adopt centralized scheduling governed by the RS in order to get a fair comparison with the benchmark from [19] . Another reason for this scheduling design is that it is more convenient for the RS to access the buffer state information (BSI), since otherwise BSI should be shared with the other nodes. Moreover the references [20] and [21] provide helpful insights on a distributed approach. Besides the CSI acquistion, the main difference among these three protocols is the amount of possible transmission types to be considered in order to make an optimal selection. In ODBA, there are 2M + 1 elements representing all the possible transmission types for uplink and 2M + 1 elements for downlink as well. On the other hand, the number of transmission types in NODBA grows as 2M(M − 1) + 2.
III. ORTHOGONAL DECOUPLED UPLINK AND DOWNLINK BUFFER-AIDED RELAYING PROTOCOL

A. Instantaneous Transmission Schemes
We use the binary variable q U L Y X (i ) to indicate whether the link Y X ∈ S U L is active or silent in the UL slot of the i -th frame. Similarly, the binary indicator q D L XY (i ) represents the selection result for DL XY ∈ S D L in DL slot. In each of the slots, UL or DL, only single link is active for transmission:
Depending on the selected transmission, the rates are determined as follows:
The UL transmission rate in bits per channel use is:
where 1 2 comes from the fact that the UL slot takes half of the frame. The direct transmission does not affect the RS buffer:
and the change of the buffer state is:
where the buffer state Q U L (i − 1) may limit the output. The UL buffer releases space:
(W4): BS sends to UE U m directly q D L BU m (i ) = 1. The DL transmission rate in bits per channel use is:
The DL buffer does not change:
Due to the buffer, the DL transmission rate in bits per channel use is:
The DL buffer releases space:
The DL transmission rate in bits per channel use is:
The BS feeds the DL buffer:
The average arrival and departure rates of the UL buffer queueing in bits per channel use are:
Accordingly, the average arrival and departure rates of the DL buffer queueing in bits per channel use are:
As ODBA protocol is based on maximizing the UL and DL average sum rate individually, the UL buffer and DL buffer should operate at the boundary of non-absorption, which can be proved rigorously, see [11] . Thus the buffers should be stable and in equilibrium, we get:
The corresponding average sum-rate for UL and DL in bits per channel use can be expressed as:
B. Decoupled UL and DL Optimal Transmission Strategy
We formulate the optimization problems P1 and P2:
P2: max
where binary indicators for UL and DL selection are collected into the decision vectors q U L and q D L , respectively.
In the optimization problems (17) and (18), we need to optimize the binary indicators in each frame. Note that the constraints A1 and B1 are accounted for, along with the buffer states, through (5) and (9) . Using the same approach as in [11] - [14] and [17] - [19] , we ignore the impact of the buffer state, since the event that the buffer state limits the transmission rate is negligible over a long time N → ∞. This brings us to 0 − 1 integer programming problems. We relax the binary constraints to the closed interval [0, 1], thereby enlarging the feasible solution set. However, the possible solutions of the relaxed problems lie on the boundary, and in fact they are the solutions of the original problems. The relaxed problems are solved by Lagrange multipliers and the KKT conditions. Proposition 1: The optimal decision functions for maximizing the average two-way sum rate with ODBA relaying are: UL slot Case I: If −1 < λ 1 < 0, the criterion is
UL slot Case II: If λ 1 ≥ 0 or λ 1 ≤ −1, the criterion is
DL slot Case I: If −1 < λ 2 < 0, the criterion is
where λ 1 and λ 2 denote the Lagrange multipliers associated with the constraint A1 and B1 respectively.
Proof: Please refer to Appendix A. Proposition 1 specifies the optimal transmission link based on the optimal thresholds λ 1 and λ 2 . Moreover, λ 1 and λ 2 are long-term dual variables which depend on the statistics of the channel and the power of the transmitters.
In UL Case I −1 < λ 1 < 0 (or DL Case I −1 < λ 2 < 0), λ 1 (or λ 2 ) under fading can be obtained numerically and iteratively with one-dimensional search using the following update equations:
where t is the iteration index and δ 1 [t], δ 2 [t] are step size which need to be chosen appropriately. In each iteration, the optimal decision vectors q U L * and q D L * are obtained according to Proposition 1 and then the following expressions are updated:
We summarize this numerical approach in Algorithm 1.
In UL Case II(or DL Case II), there is no need to use the RS to aid the communication. The optimal policy is just to select the maximal direct link transmission.
IV. NON-ORTHOGONAL DECOUPLED UPLINK AND DOWNLINK BUFFER-AIDED RELAYING PROTOCOL
A. Instantaneous Transmission Schemes
In both transmission types (T1) or (T2), two links are active simultaneously. We use the binary variables q T 1 (m,l) (i ) and
Algorithm 1 1D Search for λ * 1 and λ * 2 Respectively 1: initialize t = 0, λ 1 [0] and λ 2 [0] 2: repeat 3: Compute q U L * and q D L * according to Proposition 1 4: Compute λ 1 [t] and λ 2 [t] 5: Update λ 1 [t + 1] and λ 2 [t + 1] based on (19) and (20) 6:
t ← t + 1 7: until converge to λ * 1 and λ * 2 q T 2 (m,l) (i ) to indicate whether the transmission type (T1) and (T2) takes place, respectively, in the i -th frame. q T 3 R B (i ) and q T 4 B R (i ) are used to indicate the transmission type (T3) and (T4). There are M(M − 1) possibilities to make a transmission of type (T1) or (T2). In each frame only one of the possible transmission types takes place, such that:
Depending on the selected transmission types, the rates are determined as follows: (T1): UE U m sends to RS in the UL and simultaneously BS sends to another UE U l , l = m in the DL q T 1 (m,l) (i ) = 1. Although the interference occurs at the RS, with the help of SIC, the UL rate could achieve its capacity C U L U m R (i ) by limiting the DL rate:
).
On the other hand, the direct DL rate is limited by:
Hence the instantaneous UL/DL transmission rates in bits per channel use are determined as:
where the direct DL rate is decreased to the minor bound of (21) and (22). The UL buffer updates as:
(T2): UE U m sends in the UL to BS directly and simultaneously RS sends to another UE U l , l = m in the DL q T 2 (m,l) (i ) = 1. Similarly, SIC is applied to deal with the interference at the BS, the instantaneous UL/DL transmission rates in bits per channel use are determined as:
where the DL buffer accumulation Q D L (i − 1) may also limit the output. The DL buffer releases space:
(28) (T3): RS sends to BS q T 3 R B (i ) = 1 with the transmission rate:
The UL buffer releases space:
The DL buffer updates as:
Similarly, equilibrium of the UL buffer and DL buffer should be maintained, which lead to the following expressions:
with the corresponding average two-way sum rate:
B. Decoupled UL and DL Optimal Transmission Strategy
We formulate the optimization problem as P3:
:
where decision indicators are collected in the vector q. We solve P3 similar to P1 and P2 and put forward Proposition 2. Proposition 2: The optimal decision functions for maximizing the average two-way sum rate with NODBA relaying protocol are:
Case I: If λ 3 > −1 and λ 4 < 0, the criterion is
Case II: If λ 3 > −1 and λ 4 ≥ 0, the criterion is
Case III: If λ 3 ≤ −1 and λ 4 < 0, the criterion is
where selection matrices are denoted by
and λ 3 , λ 4 denote the Lagrange multiplier corresponding to constraint C1 and C2. Proof: Please refer to Appendix B. t ← t + 1 7: until converge to λ * 3 and λ * Since long-term dual variables λ 3 and λ 4 are not independent in NODBA, we adopt two-dimensional search to find the optimal thresholds using the following update equation:
where t is the iteration index and δ 3 [t], δ 4 [t] are step size. Moreover, the optimal decision vector q * is updated in each iteration according to Proposition 2 along with the following expressions:
We summarize 2D search in Algorithm 2. Case I indicates that both non-orthogonal transmission types (T1) and (T2) offer benefits over a long term. On the other hand, in Case II and Case III, only one of the devised non-orthogonal transmission types, either (T1) or (T2), has the potential to improve the average two-way sum rate.
V. SIMULATION RESULTS
We present simulation results to compare the performance of the proposed ODBA and NODBA protocols with stateof-the-art scheme from [19] , which is here combined with a round robin scheduler. The evaluation scenario has 2 UEs. All links are subject to Rayleigh fading. We denote the average channel gain vector of all the involved links
The noise power is normalized to 1. are sufficient strong: it can be seen that the two plots of ODBA are coinciding when U 1 B ≥ −5dB. On the other hand, in NODBA, the transmission types (T3) and (T4) are related to transmission types (T1) and (T2) that help the data to reach its destination despite the relay bottleneck. We should also note that when RS-to-BS link is a bottleneck and direct link U 1 B is weak, the benchmark could get a slight gain over ODBA due to the network coding schemes. However, as U 1 B increases, the performance deterioration in even frames for U 2 is not improved, while ODBA benefits from the multiuser diversity. Fig. 4 shows the average two-way sum rate as a function of U 1 R . When U 1 R < −15dB, the two-way sum rate grows very slowly, since in most of the attempts the direct link is selected for transmission, even though the direct links are statistically weaker than the relayed links. When U 1 R > −15dB, ODBA and NODBA display their superiority with a strong RS-to-BS link. Again, the performance of the proposed protocols is severely degraded when the RS-to-BS link is a bottleneck. Moreover, the performance of NODBA decreases when U 1 R ≥ −30dB with a weak RS-to-BS link. The reason is that the increase of U 1 R raises the probability of selecting transmission types (T1) and (T2); however the data in the UL buffer will be blocked at RS due to the bottleneck at the output link, while the data accumulated by DL buffer could not match to feed the transmission type (T2) due to a bottleneck at the input link. Note that the increase of U 1 R can improve the capacity of network coding schemes and also lead to more opportunities to select them, while increasing U 1 B could improve the direct link capacity and give the direct link a higher chance of being selected within the benchmark protocol. Fig. 5 shows the percentage of frames in which the ODBA protocol selects coupled and decoupled transmissions, respectively, when the RS-to-BS link is strong. This is shown for two cases, each corresponding to a different power level used by the RS: (1) Femtocell level and (2) Picocell level. It is interesting to see that decoupled transmission is selected more often, which further justifies its introduction. Fig. 6 shows a similar type of statistics for the NODBA protocol, depicting how often each transmission type is selected. When the RS power is at a femtocell level, transmission type (T1) dominates, while when the RS power is at a picocell level, transmission type (T2) dominates.
In Fig. 7 , we investigate the effect of the UL and DL buffer size. In practice, a buffer is finite and it is necessary to avoid overflow. We therefore heuristically modify the policy in Proposition 1 and Proposition 2 in the following way. We put a constraint that the relay never overflows, in both UL and DL, such that the UE (BS) feeds the buffer only if it has sufficient space.Additionally, the UL and DL buffer provide output bits only if the buffer is not empty. Clearly, the modifications worsen the performance of the scheme that is designed under the assumption of infinite buffers, but one can find appropriate UL and DL buffer size in order to approximate the optimal performance.
VI. CONCLUSION
Decoupling the path of uplink (UL) and downlink (DL) transmission for two-way links opens up new design possibilities in wireless networks. In this paper we consider a scenario in which the two-way link is between a UE (User Equipment) and a Base Station (BS). The communication in each direction can be aided by a buffer-equipped Relay Station (RS). In this context, decoupling of a two-way link means that one of the UL/DL directions uses direct transmission between the UE and the BS, while the other direction is relayed through the RS. We propose two protocols that make use of decoupled transmission: orthogonal decoupled UL/DL buffer-aided (ODBA) relaying protocol and non-orthogonal decoupled UL/DL buffer-aided (NODBA) relaying protocol. In ODBA, mutual independent selections take place for UL and DL transmission, while in NODBA, UL and DL are active simultaneously and the receiver uses Successive Interference Cancellation (SIC). We derive the optimal criterion based on the average channel gain and instantaneous CSI of the involved links. The numerical results show that decoupling can bring advantages in terms of average two-way sum rate, in particular when the RS-BS link is strong. Interesting studies for future work include modification of the proposed protocols when there is no perfect CSI for all relevant links and only CSI statistics is known for some or all of the links. Another relevant direction is optimization of the protocols under the latency constraint, which is gaining a significant importance in 5G systems.
APPENDIX A
Here we briefly show how to solve the relaxed optimization problem in ODBA protocol. The Lagrangian functions of the relaxed problems with KKT conditions for UL and DL are given by
are Lagrange multipliers. We take the UL optimization as an example, the KKT conditions include the following:
(1) Stationary condition:
(2) Primal feasibility condition: constraints A2 and A3 (3) Dual feasibility condition:
(4) Complementary slackness:
From stationary condition, we can get
∀i, m (43)
Without loss of generality, if q U L * U m B (i ) = 1 , then q U L * U j B (i ) = 0, ∀ j = m, q U L * U j R (i ) = 0, ∀ j and p U L * R B (i ) = 0. From complementary slackness, we obtain
Thus from (43) (44) (45) and dual feasibility condition, we get
Follow the similar process, if q U L * U m R (i ) = 1,
If q U L * R B (i ) = 1,
Thus we get the necessary condition for the optimal selection in the i -th slot, which leads to the Proposition 1. In particular, when −1 < λ 1 < 0, the criterion is UL case I. While if λ 1 ≥ 0, it leads to contradiction with (50), such that there will be no input of the buffer in UL, while output is not necessary. If λ 1 ≤ −1, it will lead to contradiction with (52), such that no output will be selected and no input should happen, otherwise bits will be trapped in the buffer. In summary, λ 1 ≥ 0 or λ 1 ≤ −1 leads to UL case II.
APPENDIX B
The proof skeleton for Proposition 2 is similar to that of Propostion 1 in Appendix VI. In this case, we consider the Lagrangian function of the relaxed problem with KKT condition for NODBA protocol.
where λ 3 , λ 4 , α(i ), η T 1 (m,l) (i ), ξ T 1 (m,l) (i ), η T 2 (m,l) (i ), ξ T 2 (m,l) (i ), η T 3 R B (i ), ξ T 3 R B (i ), η T 4 B R (i ) and ξ T 4 B R (i ) are Lagrange multipliers.
